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Calmodulin Mediates Calcium-Dependent Inactivation
of N-Methyl-D-Aspartate Receptors
four putative membrane domains of which the second
is believed to be a reentrant loop, and an intracellular
C terminus (Hollmann et al., 1994; Wo and Oswald, 1994;
Su Zhang,* Michael D. Ehlers,* Jeffery P. Bernhardt,
Ching-Tien Su, and Richard L. Huganir²
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Bennett and Dingledine, 1995).Howard Hughes Medical Institute
In contrast to most other glutamate receptors, NMDAThe Johns Hopkins University
receptors are highly permeable to Ca21 ions, which acti-School of Medicine
vate many downstream signal transduction pathwaysBaltimore, Maryland 21205
required for the induction of NMDA receptor±dependent
synaptic plasticity. Indeed, the extent of Ca21 entry
through NMDA receptor ion channels regulates the effi-Summary
ciency of synaptic transmission (Bear, 1995; Nicoll and
Malenka, 1995). High levels of NMDAreceptor±mediatedCa21 influx through N-methyl-D-aspartate (NMDA) re-
Ca21 influx during high frequency electrical stimulationceptors activates signal transduction pathways criti-
enhance synaptic transmission (e.g., long-term potenti-cal for many forms of synaptic plasticity in the brain.
ation of hippocampal neurons). In contrast, lower levelsNMDA receptor±mediated Ca21 influx also downregu-
of NMDA receptor±mediated Ca21 influx during low fre-lates the gating of NMDA channels through a process
quency stimulation result in a decrease of synapticcalled Ca21-dependent inactivation (CDI). Recent stud-
strength (e.g., hippocampal long-term depression). More-ies have demonstrated that the calcium binding pro-
over, excessive Ca21 influx via NMDA receptor ion chan-tein calmodulin directly interacts with NMDA recep-
nels leads to excitotoxic cell death (Choi, 1995). NMDAtors, suggesting that calmodulin may play a role in
receptor±induced Ca21 influx has also been shown toCDI. We report here that the mutation of a specific
promote rapid inactivation of NMDA receptors (Mayercalmodulin binding site in the C0 region of the NR1
and Westbrook, 1985; MacDermott et al., 1986; Mayersubunit of the NMDA receptor blocks CDI. Moreover,
et al., 1987; Zorumski et al., 1989; Legendre et al., 1993;intracellular infusion of a calmodulin inhibitory peptide
Rosenmund and Westbrook, 1993a; Vyklicky, Jr., 1993;markedly reduces CDI of both recombinant and neu-
Medina et al., 1995; Rosenmund et al., 1995; Tong etronal NMDA receptors. Furthermore, this inactivating
al., 1995; Kyrozis et al., 1996; Medina et al., 1996). Thiseffect of calmodulin can be prevented by coexpressing
calcium-dependent inactivation (CDI) serves as a nega-a region of the cytoskeletal protein a-actinin2 known
tive feedback control system to regulate Ca21 influx. CDIto interact with the C0 region of NR1. Taken together,
has been extensively characterized electrophysiologi-
these results demonstrate that the binding of Ca21/
cally and is unaffected by ATP, phosphatase inhibitors,
calmodulin to NR1 mediates CDI of the NMDA receptor
and other agents that affect protein phosphorylation
and suggest that inactivation occurs via Ca21/calmod-
(Legendre et al., 1993; Rosenmund and Westbrook,
ulin-dependent release of the receptor complex from 1993a; Vyklicky, Jr., 1993), although recent studies have
the neuronal cytoskeleton. shown that NMDA receptors can be inhibited by the
Ca21/calmodulin-dependent protein phosphatase cal-
Introduction cineurin (Lieberman and Mody, 1994; Tong et al., 1995).
CDI is also regulated by the actin cytoskeleton (Rosen-
N-methyl-D-aspartate (NMDA) receptors are major excit- mund and Westbrook, 1993a). Actin destabilizing agents
atory neurotransmitter receptors in the brain that play such as the cytochalasins specifically eliminate CDI,
an important role in the cellular mechanisms underlying suggesting that the NMDA receptors may be associated
learning, memory, neural development, and some neu- with the actin cytoskeleton (Rosenmund and West-
rological disorders (Hollmann and Heinemann, 1994; brook, 1993a). However, the specific molecular mecha-
McBain and Mayer, 1994). NMDA receptors are assem- nisms underlying CDI are not clear.
bled as heteromeric complexes from two families of five We have previously shown that the calcium binding
subunits, NR1 and NR2A±NR2D.Several NMDA receptor protein calmodulin binds to two sites (CBS1 and CBS2)
subtypes have been identified that consist of different on the C terminus of the NR1 subunit of the NMDA
combinations of the NR1 subunit, with a variety of NR2 receptor. Using single channel recording techniques,
subunits. Additional diversity in NMDA receptor sub- we demonstrated that calmodulin binding to the C termi-
types is generated by alternative splicing of the NR1 nus of the NR1 subunit decreases the open probability
subunit (Durand et al., 1992; Sugihara et al., 1992; Holl- of NMDA receptor channels (Ehlers et al., 1996). Recent
mann et al., 1993). Eight different splice variants of the results have shown that the CBS1 region of the NR1
NR1 subunit are expressed in the brain, owing to the subunit also interacts with a-actinin2, an actin-associ-
alternative splicing of three short exons in the N terminus ated protein, and that calmodulin can compete for
(N1) and C terminus (C1, C2) of the NR1 subunit. The a-actinin2 binding to the NR1 subunit (Wyszynski et
NMDAreceptor subunits, like other ionotropic glutamate al., 1997). In the current study, we have investigated
receptor subunits, possess an extracellular N terminus, whether calmodulin and a-actinin2 are involved in CDI
of the NMDA receptor. Whole-cell currents mediated by
recombinant NMDA receptors consisting of the NR1 and*These authors contributed equally to this work.
²To whom correspondence should be addressed. NR2A subunits show CDI similar to that seen in neurons.
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We demonstrate that deletions or point mutations of
CBS1 in the NR1 C terminus substantially block CDI.
In contrast, deletion of CBS2 has no effect on CDI. In
addition, intracellular infusion of a calmodulin inhibitory
peptide blocks CDI of both recombinant NMDA recep-
tors and native NMDA receptors in hippocampal neu-
rons. Finally, we show that overexpression of dominant
negative constructs of a-actinin2 designed to interfere
with the interaction of the NR1 subunit with the actin
cytoskeleton inhibit CDI. These results indicate that the
disruption of the association of the NMDA receptor with
a-actinin2 by Ca21/calmodulin mediates CDI and pro-
vides an efficient mechanism for negative feedback reg-
ulation of NMDA receptor function.
Results
Mutation of the CBS1 Calmodulin Binding Site
in NR1 Eliminates CDI
To determine the role of the two NR1 calmodulin binding
Figure 1. Characteristics of CDI of NR1a/NR2A Receptors in Zn21-sites (CBS1 and CBS2) in CDI, we analyzed the physio-
Free Condition with 10 mM EDTAlogical properties of NMDA receptors containing various
(A) Whole-cell currents were recorded from a transfected HEK 293splice variants and deletion mutants of NR1. Whole-cell
cell, which was voltage clamped at either 160 mV or 260 mV inNMDA currents were recorded from human embryonic
response to a 5 s concentration jump (10 mM glutamate and 10 mM
kidney (HEK) 293 cells, which were transiently transfected glycine) in either 1.8 mM [Ca21]o or 0 mM [Ca21]o, along with 10 mM
with cDNAs encoding NMDA receptor subunits NR1 and EDTA, by using a piezo-electrical solution exchange device (see
NR2A. As has been previously reported, CDI of recom- Experimental Procedures). At 260 mV and 1.8 mM [Ca21]o, the
whole-cell current relaxed from the initial peak response to a steady-binant NR1/NR2A receptors is similar to that seen in
state level of 52% of the peak current. Macroscopic desensitizationneurons, showing both Ca21 and voltage dependence
in the other three conditions was nominal and Ca21 independent.(Legendre et al., 1993; Medina et al., 1995; Krupp et
(B) NR1a(D839±863)/NR2A receptors do not exhibit CDI. The same
al., 1996; Medina et al., 1996) (Figure 1A). During a 5 s experimental protocols as in (A) were used. The CDI was abolished
glutamate concentration jump in the presence of 1.8 by deletion of the CBS1 (amino acids 839±863) from the NR1a
mM [Ca21]o, the NMDA receptor±mediated whole-cell subunit.
current inactivated from its peak to a substantially lower
steady-state level when the cell was voltage clamped
at 260 mV (Figure 1A). In contrast, minimal inactivation (Paoletti et al., 1997). Because the 1.8 mM [Ca21]o solu-
tion we used normally contains trace amounts of con-of the NMDA current was observed in the absence of
extracellular calcium or when the cell was voltage taminant Zn21, we tested whether removing the Zn21
affected the observed CDI (Figure 1A). We found that theclamped at depolarized potentials to prevent Ca21 influx
(Figure 1A). CDI of NMDA NR1a/NR2A receptors was only slightly
reduced in 10 mM EDTA (Iss/Ipe, 0.65 6 0.02, mean 6To minimize calcium-independent desensitization,
such as glycine-dependent desensitization and the gly- SEM, n 5 5), compared with 0 mM EDTA (Iss/Ipe, 0.55 6
0.04, n 5 12), indicating that Zn21 only contributes acine-independent desensitization (Mayer et al., 1987;
Sather et al., 1990; Lester et al., 1993; Krupp et al., small component to the CDI.
The NR1 subunit contains two calmodulin binding1998; Villarroel et al., 1998), a saturating concentration
of glycine (10 mM) was used along with subsaturating sites in the C terminus, designated CBS1 and CBS2
(Ehlers et al., 1996). CBS1 spans K839±Q863 in the C0glutamate (10 mM). CDI was quantitated by using the
ratio of the steady-state current (Iss) measured at the region, which is common to all NR1 splice variants.
CBS2 (K875±K898) is entirely within the C1 exon cas-end of the glutamate pulse to the peak current (Ipe). To
correct for any residual calcium-independent desensiti- sette, a region subject to alternative splicing (Durand et
al., 1992; Sugihara et al., 1992; Hollmann et al., 1993).zation, the Iss/Ipe in 1.8 mM [Ca21]o was normalized to
that in 0 mM [Ca21]o. To prevent or retard the rundown To test if CDI of NMDA currents is dependent on CBS1
and/or CBS2, we measured CDI of recombinant NR1/of NMDA receptors (MacDonald et al.,1989; Rosenmund
and Westbrook, 1993a, 1993b), 4 mM ATP and 10 mM NR2A receptors containing mutant NR1 subunits in
which CBS1 had been altered or deleted, as well asEGTA were contained in the patch pipette solution. To
minimize buildup of intracellular Ca21, glutamate pulses receptors containing NR1 splice variants lacking CBS2.
Deletion of CBS1 (amino acids 839±863) from the NR1of 2±5 s were applied at a rate of 0.5±1 per min, two to
five times in the presence of 1.8 mM [Ca21]o. The CDI subunit alone abolished the CDI in either the presence
(Figure 1B) or absence (Figure 2C) of 10 mM EDTA. CBS1was assessed immediately after the extracellular solu-
tion was switched from 0 mM [Ca21]o to 1.8 mM [Ca21]o. deletion mutant NMDA receptors had an Iss/Ipe of 0.87 6
0.04 for NR1a (D839±863) (n 5 11) and 0.89 6 0.05 forIn addition, a recent study has demonstrated that Zn21
inhibits NR1/NR2A receptors in the nanomolar range NR1c (D839±863) (n 5 13) (see Figures 2C, 2D, and 3).
Calmodulin Mediates CDI of NMDA Receptors
445
Figure 2. CBS1 but Not CBS2 Is Required for
CDI
(A) Schematic diagram of the C terminus of
the NR1a subunit is shown on the left. CBS1
is located in the C0 region, which is common
to all NR1 splice variants. CBS2 is within the
C1 exon cassette, which is subject to alterna-
tive splicing. Whole-cell current responses of
an NR1a/NR2A-expressing HEK 293 cell volt-
age clamped at 260 mV during a 2 s concen-
tration clamp of 10 mM glutamate and 10 mM
glycine are shown in the middle (in 0 mM
[Ca21]o) and on the right (in 1.8 mM [Ca21]o).
The NMDA currents showed little macro-
scopic desensitization in Ca21-free solution
but substantially desensitized in 1.8 mM
[Ca21]o.
(B±G) Schematicdiagrams of NR1 splice vari-
ants and mutants and the corresponding
whole-cell NMDA currents are presented in
the same format as in (A). C02 and C12 indi-
cate the lack of the CBS1 in the C0 region
(D839±863 of amino acids 834±863) and the
length of the C1 cassette, respectively. The
NR1c splice variant which lacks the C1 cas-
sette containing CBS2 still displayed CDI (B).
In contrast, deletion of CBS1, or point muta-
tions of four amino acids (847±850) (QMQL)
in the CBS1 to EEEE largely abolished CDI.
However, mutating amino acids 847±850
(QMQL) in the CBS1 to AAAA did not affect
CDI. The deletion and point mutations did not
change the kinetics of NMDA currents in
Ca21-free medium. Time calibration bar in (A)
is applicable to (B±G). All amplitude calibra-
tion bars in (A±G) represent 500 pA.
In contrast, the presence (NR1a) or absence (NR1c) of presumably due to disruption of calmodulin binding to
CBS1, but it could also be a result of reduced Ca21CBS2 had no significant effect on CDI, with the Iss/Ipe of
NR1a-containing channels being 0.55 6 0.04 (n 5 12), permeability of the mutant receptors or an alteration
in agonist affinity. To address the first possibility, wewhereas that of NR1c-containing channels was 0.51 6
0.03 (n 5 17) (Figures 2A, 2B, and 3). examined the Ca21 permeability of recombinant NMDA
receptors containing the mutant NR1 subunits by mea-To further define the role of CBS1 in CDI, we made
point mutations in the CBS1 domain of NR1. Mutation of suring the equilibrium potential (E) of NMDA currents in
the presence of high extracellular Ca21. The equilibrium847±850 (QMQL) in the CBS1 to EEEE markedly reduced
CDI, with an Iss/Ipe of 0.85 6 0.05 (n 5 9) for NR1a potential was then used to calculate the relative Ca21
permeability (PCa21/PCs1) according to the constant-field(QMQL847±850EEEE) and 0.85 6 0.05 (n 5 5) for
NR1c(QMQL847±850EEEE) (Figures 2E, 2F, and 3). Un- potential (Iino et al., 1990). Mutations of the CBS1 site
had no significant effect on the Ca21 permeability ofder the Zn21-free conditions, the averaged Iss/Ipe from
NR1a(D839±863) and NR1a(QMQL847±850EEEE) (n 5 6) the NMDA receptor (see Figure 4A and Table 1). To
determine the effect of the NR1 mutations on agonistwas 0.97 6 0.01. The near-complete blockade of CDI in
Zn21-free condition might indicate a small Zn21-medi- affinity, we examined the glutamate dose-response char-
acteristics of the NMDA receptors containing wild-typeated calmodulin-independent component of inactiva-
tion in the presence of calcium. Interestingly, mutation NR1, the NR1 839±863 deletion mutants, and the NR1
QMQL847±850EEEE point mutant. All have similar dose-of the 847±850 (QMQL) to AAAA had no effect on CDI,
with an Iss/Ipe of 0.44 6 0.03 (n 5 3) for NR1c(QMQL847± response curves and close apparent agonist affinities
(Figure 4B).580AAAA) (Figures 2G and 3), indicating that some but
not all mutations within the CBS1 domain could pro- Because of variations in the expression levels of the
receptor proteins among individual cells, we observed afoundly reduce CDI. The deletion and point mutations
of the NR1 subunit had no effect on the kinetics of wide range in the peak amplitude of recombinant NMDA
receptor±mediated whole-cell currents (z0.1 to z10 nAwhole-cell NMDA currents in a Ca21-free extracellular
solution (Figures 2A±2G, the traces under 0 mM [Ca21]o). at 260 mV). Although larger NMDA currents result in
more Ca21 influx at the whole-cell level, they do notThe blockade of CDI by mutations in the C0 region is
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CBS1-QMQL847±850AAAA (AAAA peptide). Preincuba-
tion of calmodulin with either the QMQL peptide or the
AAAA peptide in the presence of Ca21 shifted calmodu-
lin's mobility on a nondenaturing polyacrylamide gel
(Figure 5A), indicating the formation of stable peptide±
calmodulin complexes. The EEEE peptide, however,
failed to form stable complexes with calmodulin (Figure
5A). To furtheranalyze the calmodulin binding properties
of these peptides, fluorometry was performed on solu-
tions of dansyl-calmodulin in the presence or absence
of each peptide. The photoexcited emission spectrum
of dansyl-calmodulin (100 nM) alone had a maximum
centered at 498 nm (Figures 5B±5D). The addition of 2
mM QMQL peptide shifted the emission spectrum maxi-
mum to 477 nm and increased the fluorescence intensity
by a factor of 1.45 (Figure 5B). The addition of 2 mM
AAAA peptide shifted the emission spectrum maximum
to 480 nm and increased the fluorescence intensity by
a factor of 1.69 (Figure 5D). This spectral shift indicated
calmodulin binding and provided a means of quantitat-
Figure 3. Steady-State Current (Iss) to Peak Current (Ipe) Ratios for ing the calmodulin binding by titrating the dansyl-cal-
NMDA Receptors Containing Different NR1 Splice Variants and Mu- modulin with the QMQL peptide or the AAAA peptide
tants
and measuring the fractional fluorescence intensity in-
The bar graph summarizes the relationship between CDI, which is
crease at 480 nm (Kincaid et al., 1982; Ehlers et al.,manifested by a lower Iss/Ipe value, and calmodulin binding sites
1996). Such an analysis showed that the QMQL peptide(CBS) of NR1. Presence (1) and absence (2) or mutation (mut) of
binds calmodulin with a Kd of 87 nM, and that mutationCBS1 and CBS2 are indicated below each group. The receptors
exhibiting reduced CDI are marked with asterisks, and their Iss/Ipe of residues 847±850 to alanines (AAAA peptide) only
values significantly differ from the unmarked groups (p , 0.001, t slightly reduced the calmodulin binding affinity (Kd 5
test) but not from each other, and vice versa. The presence of an 108 nM). The addition of 2 mM EEEE-peptide had no
intact CBS1 of NR1 correlated with NMDA receptors that confer
effect on emission spectrum maximum or fluorescencenormal CDI (columns 1 and 2, from the left). Deletion of CBS1 and
intensity, confirming that the EEEE peptide does notmutation of QMQL (amino acids 847±850) to EEEE in the CBS1
bind calmodulin (Figure 5C). Taken together with theblocked CDI (columns 3±6, from the left). However, point mutation
of QMQL (amino acids 847±850) to AAAA in CBS1 did not affect gel-shift results, these findings indicate that mutation
CDI (column 7, from the left). The presence and absence of CBS2 of residues 847±850 (QMQL) in CBS1 of NR1 to alanines
in the C1 exon of NR1 did not correlate with the Iss/Ipe values. Error reduces the affinity for calmodulin only slightly, whereas
bars represent SEM.
mutation of the same residues to glutamates completely
abolishes calmodulin binding. These results are consis-
cause a larger degree of inactivation. Plots of the Iss/Ipe tent with the observed effects of these mutations on CDI
versus Ipe showed that there was no correlation at all (Figures 2E±2G and 3). The requirement of a functional
between the peak amplitude and the extent of desensiti- calmodulin binding domain in the C0 region of NR1
zation (R 5 20.04, p 5 0.87, n 5 24 of NR1a/NR2A and (CBS1) for normal CDI provides evidence that direct
NR1c/NR2A). calmodulin binding to CBS1 is a principal mechanism
To examine the effect of selective deletion of CBS1 underlying CDI of NMDA receptors.
on calmodulin-dependent modulation of isolated NMDA
receptor single channel properties, inside-out mem-
brane patches were excised from HEK 293 cells ex- Intracellular Infusion of a Calmodulin
Inhibitory Peptide Blocks CDIpressing NR1a(D839±863)/NR2A. Calmodulin at a con-
centration of 100 nM (n 5 8) in the presence of 50 mM To further test whether CDI results from an action of
endogenous calmodulin, whole-cell NMDA receptor±Ca21 failed to change the open probability (popen) of
NMDA receptor ion channels lacking CBS1 (data not mediated currents were recorded following the infusion
of a calmodulin binding peptide (CBP) into NR1/NR2A-shown). In contrast, calmodulin at a concentration of
1±10 nM caused up to a 4-fold decrease in popen for the expressing HEK 293 cells to reduce intracellular free
calmodulin. Intracellular calmodulin concentrations arewild-type NMDA receptors composed of NR1a/NR2A.
estimated to be z10 mM (Vincenzi and Hinds, 1980).
Since calmodulin is effective in reducing the open prob-Point Mutation of CBS1 Disrupts Calmodulin
Binding to NR1 ability of NMDA receptor channels at 1 nM (Ehlers et
al., 1996), a relatively high concentration (up to 250 mM)To determine whether the markedly reduced CDI of
NMDA receptor channels containing mutant NR1(QMQL of a high affinity (Kd 5 3.4 nM) CBP (Liu et al., 1994) was
used, and whole-cell NMDA currents were monitored847±850EEEE) subunits could be due to disruption of
calmodulin binding to CBS1, biochemical experiments for periods of 40 min up to 1.5 hr after infusion. This
procedure allowed the CBP to sufficiently bind the en-were performed using synthetic peptides corresponding
to wild-type CBS1 (QMQL peptide; amino acids 838± dogenous intracellular calmodulin. As shown in Figure
6, intracellular infusion of 30 mM CBP inhibited the CDI863), CBS1-QMQL847±850EEEE (EEEE peptide), and
Calmodulin Mediates CDI of NMDA Receptors
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Figure 4. Characterization of NR1 Mutants
(A) Ca21 permeability of NMDA receptors is not changed by the deletion and point mutations of the CBS1. I-V curves of three recombinant
NMDA receptors with different NR1 subunits (as indicated) shared a very similar equilibrium potential (z24 mV in 50 mM [Ca21]o and 145 mM
[Cs1]i), indicating a similar Ca21 permeability. The I-V plots represent the whole-cell NMDA currents during a 100 ms voltage ramp of 250 to
50 mV (245 to 50 mV shown). Glutamate (10 mM) and glycine (10 mM) were applied to the cells 1 s before and during the voltage ramp. The
signals were filtered at 4 kHz and digitized at 10 kHz. A small leakage ramp current was subtracted.
(B) Similar dose-response curves and apparent agonist affinity of NR1a/NR2A (left, n 5 5), NR1a(D839±863)/NR2A (middle, n 5 5), and
NR1a(QMQL847±850EEEE)/NR2A (right, n 5 4). The voltage-clamped maximal whole-cell current responses to a 2 s concentration jump of
glutamate (0.2, 0.5, 1, 5, 10, 50, or 100 mM) and 10 mM glycine in 0 mM [Ca21]o were normalized to the response to 100 mM glutamate and
plotted against glutamate concentrations on a logarithmic scale. Open circles are means and error bars are SEM. Solid lines are fitting curves
using a logistical equation. EC50 values and Hill coefficients calculated from the fitting curves are indicated.
of NMDA currents in 1.8 mM [Ca21]o (Figures 6A and currents, resulting in a 50% 6 8% increase of Iss/Ipe over
a period of 60 min (Figure 7). The infusion of CP at6C). In contrast, infusion of a control peptide (CP) that
does not bind calmodulin (Liu et al., 1994) to a concen- the same concentration caused a significantly smaller
change in Iss/Ipe over the same period of time (12% 6tration of 250 mM failed to affect CDI (Figures 6B and
6C). Infusion of 30±250 mM CBP resulted in an increase 5%, n 5 3, p , 0.05, t test) (Figure 7). This finding
indicates that calmodulin is also involved inCDI of nativeof Iss/Ipe by 66% 6 14% (n 5 4), which is significantly
larger than the nominal increase of Iss/Ipe (4% 6 16%, NMDA receptors.
n 5 3) observed following the infusion of 250 mM CP
(Figure 6C) (p , 0.05, t test). These results indicate that Dominant Negative a-Actinin2 Constructs
Block CDIendogenous calmodulin is involved in CDI.
The CDI of recombinant NMDA receptors is similar to In addition to binding calmodulin, the C0 region of NR1
also interacts with the cytoskeleton-associated proteinthat observed for native receptors in neurons. To test
whether calmodulin also mediates CDI of neuronal NMDA a-actinin2, and the binding of these two molecules to
the C0 region of NR1 is competitive (Wyszynski et al.,receptors, the same infusion protocol was used in cul-
tured rat hippocampal neurons. In the neurons exam- 1997). This result is intriguing in light of an earlier study
showing that an intact actin cytoskeleton is required forined, 250 mM CBP infusion reduced the CDI of NMDA
Table 1. Equilibrium Potentials and Ca21 Permeability of Recombinant NMDA Receptors with Different NR1 Subunits Are Very Similar
NR1a NR1a NR1c NR1c
NR1a (D839±863) (QMQL847±850EEEE) NR1c (D839±863) (QMQL847±850EEEE)
Eeq (mV) 23.7 6 1.2 22.9 6 0.8 23.5 6 0.8 24.4 6 0.7 24.0 6 0.4 25.2 6 0.4
pCa/pCs 6.9 6 0.6 6.5 6 0.3 6.7 6 0.4 7.2 6 0.3 6.9 6 0.2 7.5 6 0.2
N 7 6 6 5 6 5
Values for equilibrium potentials (Eeq) and the ratio of permeation coefficient to Ca21 versus to Cs1 (pCa/pCs) are expressed as mean 6 SEM.
The permeable ions in the experiments were 50 mM [Ca21]0 and 140 mM [Cs1]i. Abbreviation: N, number of cells tested.
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Figure 5. Effect of CBS1 Point Mutations on
Calmodulin Binding
(A) Calmodulin (300 pmol) was incubated with
a 2- or10-fold molar excess of QMQL peptide
(QMQL-pep), EEEE peptide (EEEE-pep), and
AAAA-peptide (AAAA pep), and the peptide/
calmodulin complexes were resolved on a
15% nondenaturing polyacrylamide gel and
visualized by Coomassie blue staining. Ar-
rowheads indicate peptide±calmodulin com-
plexes. The sequence of the QMQL-peptide
is KRHKDARRKQMQLAFAAVNVWRKNLQ,
corresponding to theCBS1 (amino acids 838±
63) of NR1a. The EEEE peptide andthe AAAA-
peptide were synthesized with either a qua-
druple glutamate (E) or a quadruple alanine
(A) substitution for QMQL (847±850) within the
QMQL-peptide.
(B±D) Emission fluorescence spectra of 100
nM dansyl-calmodulin alone (squares; [B±D])
or 100 nM dansyl-calmodulin 1 2 mM peptide
(circles; QMQL-pep [B], EEEE-pep [C], AAAA-
pep [D]). Abbreviation: CaM, calmodulin. Dis-
sociation constants for dansyl-calmodulin
binding to QMQL-pep (B) and AAAA-pep (D)
are indicated.
CDI of NMDA receptors (Rosenmund and Westbrook, Taken together, pooled data from three different domi-
nant negative truncated a-actinin2 experiments show1993a). a-Actinin2 itself is an actin binding protein of
894 amino acids that contains an actin binding domain that CDI was reduced by half (Figure 8C). The Iss/Ipe value
of NR1c/NR2A (0.51 6 0.03, n 5 17) is changed byat the N terminus, four spectrin-like repeats in the cen-
tral-rod domain, and two EF hands in the C terminus dominant negative truncated a-actinin2 to 0.76 6 0.02
(n 5 11). These results provide evidence that disruption(Beggs et al., 1992). Previous studies have shown that
the rod domain of a-actinin2 specifically binds to the of the interaction of NR1 with the actin cytoskeleton
prevents CDI and suggest that calmodulin may exert itsNR1 subunit, suggesting that a-actinin2 links the NR1
subunit with the actin cytoskeleton (Wyszynski et al., inactivating effect by releasing NMDA receptor com-
plexes from the actin cytoskeleton.1997). These studies, combined with our results pre-
sented above, suggest that calmodulin may modulate
receptor function by regulating the association of the
NR1 subunit with a-actinin2 and the actin cytoskeleton. Discussion
a-Actinin2 is colocalized with NMDA receptors in neu-
rons (Wyszynski et al., 1997, 1998; Allison et al., 1998); Desensitization of ligand-gated ion channels can play
an important role in shaping synaptic responses (Hu-however, if a-actinin2 is required for CDI, it should also
be present in the HEK 293 cells used in this study. Inter- ganir and Greengard, 1990; Jones and Westbrook,
1996). However, the molecular mechanisms underlyingestingly, we found that HEK 293 cells contain high en-
dogenous levels of a-actinin2, which could be detected desensitization of ligand-gated ion channels have been
elusive. In this study, we have demonstrated that activa-by immunocytochemical (Figure 8A) and immunoblot
(data not shown) techniques. To determine whether tion of NMDA receptors is coupled to receptor inactiva-
tion through the calcium binding protein calmodulin.a-actinin2 is involved in CDI, we examined the effect
on CDI of overexpressing dominant negative truncated Feedback inhibition of NMDA receptor activity by an
intracellular Ca21-dependent process allows for the reg-a-actinin2 constructs. We used three different a-actinin2
constructs that selectively compete with the interaction ulation of Ca21 influx in the postsynaptic cell. The extent
of Ca21 influx through NMDA receptors determines theof endogenous a-actinin2 with the NMDA receptor and
actin. a-actinin2(344±745) and a-actinin2(356±745) con- strengthening or weakening of subsequent synaptic re-
sponses (Bear, 1995) and can result in neuronal celltain only the rod domain and should interact with the
NR1 subunit but not with actin. In contrast, a-actinin2(1± death (Choi, 1995). Thus, knowledge of the molecular
feedback mechanisms that regulate Ca21 influx through251) contains only the actin binding domain and should
interact with the actin cytoskeleton, but not with NR1. NMDA receptors is critical for our understanding of syn-
aptic plasticity and postsynaptic Ca21 homeostasis. TheAll of these constructs should disrupt the association
of NMDA receptors with the endogenous actin cytoskel- current study elucidates several key elements of this
feedback inhibition in molecular detail. Our data indicateeton. As shown in Figure 8B, cotransfection of either
a-actinin2(1±251) or a-actinin2(344±745) with NR1c/NR2A that increases in intracellular Ca21 mediated by receptor
activation lead to the binding of calmodulin to a specificsubstantially reduced CDI of NR1c/NR2A receptors. A
similar reduction of the CDI was also observed with the binding site (CBS1) on the NR1 subunit. Calmodulin
binding to NR1 in turn leads to a decrease in opencotransfection of a-actinin2(356±745) (data not shown).
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Figure 6. CDI of Recombinant NMDA Recep-
tors Is Blocked by Infusion of a Calmodulin
Binding Peptide (CBP)
(A) NMDA receptor (NR1c/NR2A) mediated
whole-cell current responses to a 2 s pulse
application of 10 mM glutamate and 10 mM
glycine in 1.8 mM [Ca21]o were recorded be-
fore and after intracellular infusion of a CBP
(left) and a control peptide (CP) (right). The
responses are normalized to the peak ampli-
tude for easy comparison of desensitization
kinetics. The CDI of NMDA receptors was
blocked by intracellular infusion of the CBP
but not the CP. The sequence of the CBP is
RRGRGGFQRIVRLVGVIRDWANKNFR, de-
rived from a calmodulin binding site (amino
acids 62±87) within the N terminus of the rat
olfactory cyclic nucleotide gated channel.
The sequence of the CP is NHHPPPSIKANGK
DDHRAGSRPQSVA, corresponding to a cal-
modulin-nonbinding region (aa 18±43) of the
rat olfactory channel.
(B) The bar graph shows valuesof Iss/Ipe before
(open columns) andafter intracellular infusion
(shaded columns) of the CBP (left four pairs)
and the CP (right three pairs). A significant
increase of Iss/Ipe was observed upon intracel-
lular infusion of the CBP (p , 0.05, paired t
test), but not upon CP infusion (p 5 0.94 ..
0.05, paired t test).
(C) Changes in the Iss/Ipc values after CBP and
CP infusion. The error bars represent SD.
channel probability and apparent desensitization. Inter- specifically associated with NMDA receptors containing
the NR1/NR2A and NR1/NR2D subunits, but not withestingly, two calmodulin binding sites have been identi-
fied on NR1 (CBS1 and CBS2) (Ehlers et al., 1996), but receptors consisting of the NR1/NR2B or NR1/NR2C
subunits (Krupp et al., 1996). Taken together with theonly CBS1 appears to be essential for CDI. This is sur-
prising in light of the fact that these two sitesare immedi- results presented here, it is tempting to speculate that
calmodulin binding to the C0 region might be regulatedately adjacent to each other in the C terminus of NR1,
indicating a high degree of molecular specificity. The by the specific NR2 subunits present in the receptor
complex, or perhaps that the C terminus of NR1 specifi-role of CBS2 in NMDA receptor function is not clear,
although CBS2 has been shown to regulate the distribu- cally interacts with certain NR2 subunits in a Ca21/cal-
modulin-dependent manner. Such a possibility awaitstion of NR1 in transfected cells and is known to contain
the major sites of protein phosphorylation on the NR1 further investigation.
Previous work has demonstrated that an intact actinsubunit (Tingley et al., 1993; Ehlers et al., 1995).
Although CDI appears to be primarily mediated by cytoskeleton is required for CDI of NMDA receptors (Ro-
senmund and Westbrook, 1993a). This study proposedcalmodulin, there remains a small but significant cal-
modulin-independent component. Using site-directed that the NMDA receptor might directly interact with a
cytoskeletal protein that dissociates from the channelmutagenesis to delete or mutate CBS1 in the C0 region
of NR1, we observed a substantial but not complete in a Ca21-dependent manner, leading to inactivation.
Because of its ability to compete with calmodulin forblockade of CDI. In addition, intracellular infusion of a
calmodulin inhibitor does not totally eliminate CDI. The binding to the C0 region of NR1, the actin-associated
protein a-actinin2 is an attractive candidate for the pro-residual CDI is sensitive to 10 mm EDTA and may be
mediated by Zn21 through mechanisms independent of posed cytoskeletal protein (Wyszynski et al., 1997). In-
deed, a-actinin2 colocalizes with NMDA receptors atcalmodulin binding to the NR1 subunit.
NMDA receptors are heteromeric complexes com- excitatory synapses (Wyszynski et al., 1997, 1998; Alli-
son et al., 1998). Consistent with a role for a-actinin2posed of both NR1 and NR2 subunits. Recent work
has suggested that in addition to the NR1 subunit, NR2 binding to NR1 in CDI, we found that overexpression of
truncated a-actinin2 constructs that should disrupt thesubunits also play a role in CDI (Krupp et al., 1996). CDI is
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Figure 7. CDI of Native NMDA Receptors in
Cultured Hippocampal Neurons Is Blocked
by Intracellular Infusion of a CBP
(A) Whole-cell current responses to a 5 s
pulse application of 20 mM NMDA and 10 mM
glycine in 1.8 mM [Ca21]o were recorded from
two cultured rat hippocampal neurons before
and after intracellular infusion of a CBP (left)
or a control peptide (CP) (right), respectively.
The responses are normalized to the peak
amplitude to compare desensitization kinet-
ics. The CDI of NMDA receptors was blocked
by intracellular infusion of the CBP but not
the CP. The sequences of the CBP and the
CP are given in the legend of Figure 4.
(B) The bar graph shows individual changes
in Iss/Ipe of five tested neurons before (open
columns) and after (shaded columns) intra-
cellular infusion of the CBP (left two pairs)
and the CP (right three pairs).
(C) The summary bar graph of means and
SEM of the Iss/Ipe shown in (B). The increase
of Iss/Ipe by CBP infusion is significantly larger
than that observed during CP infusion (p ,
0.05, t test).
interaction of NMDA receptors with the cytoskeleton densensitization and cytoskeletal association at the C0
region of NR1 are especially interesting in light of recentinhibit CDI of coexpressed NR1/NR2A channels. Our
interpretation of these results is that the truncated work on activity-dependent changes in glutamate re-
ceptor clustering (reviewed by O'Brien et al., 1998). Thisa-actinin2 can mimic Ca21/calmodulin and displace the
NR1 C terminus from the endogenous a-actinin2, re- latter phenomenon is increasingly recognized as a po-
tential mechanism for regulating postsynaptic respon-sulting in a decrease in channel open probability and
precluding any further calmodulin effect. Our results siveness. In particular, the clusteringof NMDA receptors
at synapses is markedly increased in hippocampal neu-thus extend the model of Rosenmund and Westbrook
(1993a) and suggest that the C terminus of the NR1 rons cultured in the presence of NMDA receptor antago-
nist (Rao and Craig, 1997). Activation of NMDA receptorssubunit is normally anchored to the actin cytoskeleton
by its direct interaction with a-actinin2 (see Figure 9). prevents this increase in receptor clusters, perhaps by
a Ca21-dependent uncoupling of the receptor complexUpon activation of NMDA receptors, Ca21 influx acti-
vates calmodulin, which in turn competes with a-acti- from the cytoskeleton. Thus, increases in postsynaptic
[Ca21] homeostatically regulate postsynaptic NMDA re-nin2 binding to the C0 region of the NR1 subunit. Cal-
modulin binding to NR1 would then displace a-actinin2, sponses through both rapid mechanisms, such as CDI,
as well as slower processes, such as alterations in re-resulting in the dissociation of the NR1 subunit from the
cytoskeleton. The free C terminus of the NR1 subunit ceptor density. Given the role of the C0 region of NR1
in CDI, it will be important for future studies to examinemay then cause a conformational change in the recep-
tor, or possibly directly interact with other regions of whether disruption of this interaction also regulates
NMDA receptor clustering.the receptor, thereby decreasing the open probability
of the receptor channel (see Figure 9). Thus, calmodulin
Experimental Proceduresmodulation of the interaction of the NR1 subunit with
a-actinin2 may not only serve as an important mecha-
Cell Culturesnism regulating the association of the NMDA receptor
HEK 293 cells were cultured on cover slips in minimal essential
with the cytoskeleton, but may also regulate the influx of medium (MEM) containing 10% fetal bovine serum and 1 mM sodium
Ca21 into the postsynapticcell through NMDA receptors. pyruvate. One day after cell splitting at a density of 0.5±1 3 105 cell/
ml, cells were transfected with cDNAs (20 mg) encoding NR2A andThese convergent mechanisms for NMDA receptor
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Figure 8. a-Actinin2 Is Involved in CDI
(A) a-Actinin2 is present in HEK 293 cells. Endogenous a-actinin2 of HEK 293 cells was stained by using a primary rabbit antibody (a gift from
Dr. A. Beggs) raised against a-actinin2 and a peroxidase-conjugated goat anti-rabbit IgG secondary antibody and visualized by oxidized 3,39-
diaminobenzidine (dark particles).
(B) NR1c/NR2A recombinant NMDA receptors showed a robust CDI (top panel), which became much weaker when either truncated
a-actinin2(1±251) or a-actinin2(344±745) was cotransfected with NR1c/NR2A (center and bottom panels).
(C) The summary bar graph shows that Iss/Ipe of NR1c/NR2A receptors (left, n 5 14) was remarkably reduced (increase in Iss/Ipe) by cotransfection
with truncated a-actinin2 (right, n 5 11 pooled data from a-actinin2(1±251), a-actinin2(344±745), and a-actinin2 (356±745); p ,, 0.001, t test).
Abbreviation: ACN2, a-actinin2.
various splice isoforms and mutants of NR1 (at a ratio of 1:1) by the culture for 2 days. At the end of the second day after plating,
5-fluoro-29-deoxyuridine (1.7 mg/100 ml) and Uridine (3.3 mg/100calcium phosphate coprecipitation method (Chen and Okayama,
1987). DL-2-amino-4-phosphonovaleric acid (500 mM) was added to ml) were added into the medium to prevent glial cells from further
proliferation.the media after transfection. CD8 was cotransfected with NR1 and
NR2A (at a ratio of 1:4.5:4.5) as a reporter gene for visual identifica-
tion (Jurman et al., 1994). Electrophysiology
For primary neuronal cultures, Sprague-Dawley rats of postnatal
day 1±2 were dissected for hippocampi. After papain-digestion, dis- Thirty-six to eighty-four hours after the transfection, whole-cell cur-
rents were recorded at room temperature (208C±238C) from HEKsociated neurons and glial cells were plated at a density of 3±4 3
107 cells/ml on glass cover slips. The culture media were MEM 293 cells by using standard patch-clamp techniques. Thin-wall glass
capillaries (Corning 7052, 1.65 mm outer diameter and 1.20 mmbased, with 5% heat-inactivated horse serum and 5% fetal bovine
serum. The medium was preconditioned by incubation with glial inner diameter) were used to pull patch pipettes. The pipettes were
Figure 9. Schematic Model of CDI
(A) The CBS1 region of the C terminus of the NR1 subunit is normally anchored to the actin cytoskeleton (Ac) by its direct interaction with
a-actinin2.
(B) Activation of the NMDA receptor increases intracellular Ca21 levels, which then activate calmodulin (CaM).
(C) Calmodulin, in turn, competes with a-actinin2 binding to the CBS1 region of the NR1 subunit, resulting in dissociation of the C terminus
of the NR1 subunit from the actin cytoskeleton. The free C terminus of the NR1 subunit may then interact with other regions of the NMDA
receptor, thereby decreasing the open probability of the receptor channels.
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heat polished for a smooth tip of about 2 mm outer diameter, with The mutations were confirmed by sequencing. Expression of NR1
an impedance of 2±3 MV, by using the internal solution containing mutants was verified by immunoblot analysis of transfected cells.
(in mM) CsCl, 140; EGTA, 10; HEPES, 15; and Mg-ATP, 4 (pH 7.3, The following mutagenic antisense oligonucleotide primers were
300 mmol/kg). For intracellular infusion, a thin quartz tubing was used: 59-GTC GGG CTC TGC TCT TCC GGA CTT TCT ATC CTT
inserted into the recording pipette. The infusion was manually con- GTA GGC GAT CTC-39 for generating NR1a(D839±863), which de-
trolled using a syringe. The Ca21-free extracellular solution con- letes amino acids 839±863 (CBS1) from NR1a; 59-GCG TCC ACC
tained (in mM) NaCl, 135; KCl, 5.4; EGTA, 1; HEPES, 15; and glucose, CCC GGT CGA CTT GTA GGC GAT CTC-39 for creating NR1c(D839±
15 (pH 7.3, 300 mmol/kg). The 1.8 mM [Ca21]o solution was made 863), which removes amino acids 839±863 from NR1c; 59-CAC GGC
by replacing 1 mM EGTA with 1.8 mM CaCl2. In some experiments, TGC AAA GGC CTC CTC CTC CTC CTT CCT ACG GGC-39 for
10 mM EDTA was added in the solutions to chelate any contaminant NR1a(QMQL847±850EEEE) and NR1c(QMQL847±850EEEE), which
Zn21. For Ca21 permeability experiments, the extracellular solution converts QMQL (amino acids 847±850) of NR1a and NR1c to EEEE;
was composed of (in mM) CaCl2, 50; N-methyl-D-glucamine, 100; and 59-CAC GGC TGC AAA AGC TGC TGC CGC GGC CTT CCT
HEPES 10; glucose, 15 (pH 7.3, 300 mmol/kg). The chemicals were ACG GGC-39 for NR1a(QMQL8478±850AAAA), which changes QMQL
purchased from Sigma or as indicated. (amino acids 847±850) of NR1a to AAAA.
After the whole-cell configuration was established on a solitary
cell (access resistance z3±6 MV), the cell was lifted from the cover
cDNA Constructs of Truncated a-Actinin2slip and the agonist was rapidly applied by moving a theta tubing
We used the full-length human a-actinin2 cDNA clone (a gift fromwith a piezo-electric device (Burleigh LSL3100). Agonist solution
Dr. A. Beggs) as a PCR template and EcoRI (59)/NotI (39) -taggedcontained 10 mM glutamate and 10 mM glycine in the appropriate
PCRprimer pairs to amplify three a-actinin2 cDNAfragments (1±251,extracellular solution, and solution exchange occurred within a few
344±745, and 356±745), which were then subcloned into a pBK-ms, as determined by open-tip junction potentials. For cultured
CMV mammalian expression vector. The primer pairs are 59-GGAneurons, whole-cell patch recordings were performed on neurons
ATT CCA ATG AAC CAG ATA GAG CCC GGC-39 and 59-TTA CTTof 14±22 days in vitro without lifting them from the bottom of dish. We
AGC GGC CGC TTA AGA GAC GTA CGT CAT GAT-39 for a-acti-used a solenoid switch-gated theta tubing to achieve concentration
nin2(1±251); 59-GGA ATT CCA AAC TTC AAC ACG CTG CAG-39 andclamp between the control solution and the agonist solution. The
control solution was made by adding 1 mM TTX, 10 mM CNQX, and 59-TTA CTT AGC GGC CGC TTA TCT CGT CAG GAT CTG AGT-39
100 mM picrotoxin to the afore-mentioned 1.8 mM Ca21 extracellular for a-actinin2(344±745); and 59-GGA ATT CCA AAC CGT CCT GCC
solution to block voltage gated Na1 channels, non-NMDA receptors, TTC ATG-39 and 59-TTA CTT AGC GGC CGC TTA TCT CGT CAG
and GABAA receptors of neurons. The agonist solution for neuronal GAT CTG AGT-39 for a-actinin2(356±745). The sequences of the
NMDA receptors contained 20 mM NMDA and 10 mM glycine, in three inserts were confirmed. The expression of those truncated
addition to the control solution. forms of a-actinin2 in HEK 293 cells was checked by Western immu-
Whole-cell currents were low-pass filtered at 400 Hz and digitized noblotting. Each truncated a-actinin2 cDNA construct was cotrans-
at 2 kHz for HEK 293 cells or at 200 Hz and 1 kHz for neurons. fected with NR1c and NR2A at a cDNA ratio of 1:1:1.
Series resistance was compensated by 70%±95% electronically for
293 cells or by 60% for neurons. We used a DigiData 1200 A/D
Acknowledgmentsconverter, an axopatch 200 amplifier, and pClamp6 software (Axon
Instruments) for data acquisition and analysis and used Statmost
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